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SUMMARY 

Growth cones facilitate the repair of nervous system 
damage by providing the driving force for axon 
regeneration. Using single-neuron laser axotomy 
and in vivo time-lapse imaging, we show that synde¬ 
can, a heparan sulfate (HS) proteoglycan, is required 
for growth cone function during axon regeneration in 
C. elegans. In the absence of syndecan, regenerating 
growth cones form but are unstable and collapse, 
decreasing the effective growth rate and impeding 
regrowth to target cells. We provide evidence that 
syndecan has two distinct functions during axon 
regeneration: (1) a canonical function in axon guid¬ 
ance that requires expression outside the nervous 
system and depends on HS chains and (2) an intrinsic 
function in growth cone stabilization that is mediated 
by the syndecan core protein, independently of HS. 
Thus, syndecan is a regulator of a critical choke point 
in nervous system repair. 

INTRODUCTION 

Axon regeneration is mediated by growth cone migration, often 
across increased distances and unfamiliar landscapes. Re¬ 
generating growth cones face challenges not encountered dur¬ 
ing development, including extended migratory distances, 
altered extracellular environments, increased target selection 
complexity, and new physical barriers. In vivo time-lapse imag¬ 
ing reveals that regenerating growth cones are disorganized 
and take aberrant trajectories (Kerschensteiner et al., 2005; 
Pan et al., 2003; Ylera et al., 2009), suggesting that lack of sus¬ 
tained and directed migration is a major barrier to successful 
regeneration. In contrast to initial growth cone formation after 
injury (Bradke et al., 2012), relatively little is known about the 
molecular mechanisms that support sustained growth cone 
migration during regeneration. In particular, the intrinsic mecha¬ 
nisms that function within regenerating neurons to support 
stable and directed growth cone migration during regeneration 
are poorly understood. 

Syndecans are transmembrane heparan sulfate proteogly¬ 
cans (HSPGs), proteins characterized by posttranslational 
attachment of heparan sulfate (HS) chains at specific extracel¬ 


lular serine residues. In general, HSPGs are thought to mediate 
interactions between extracellular ligands and their receptors 
via HS chains (Bernfield et al., 1999; Kramer and Yost, 2003; 
Lee and Chien, 2004). Consistent with this idea, HS binds multi¬ 
ple signaling molecules, including the morphogens Sonic 
Hedgehog, Wnts, and BMPs, insoluble extracellular matrix com¬ 
ponents such as fibronectin and laminin, and growth factors 
(Bernfield et al., 1999). Additionally, heparin—a closely related 
polysaccharide—makes ternary complexes with both fibroblast 
growth factor (FGF) and its receptor (Schlessinger et al., 2000; 
Yayon et al., 1991) and Slit/Robo (Hussain et al., 2006; Johnson 
et al., 2004). Thus, many signaling interactions with syndecan 
likely depend on HS chains. However, syndecan’s protein core 
(alone among all HSPGs) includes conserved cytoplasmic do¬ 
mains (Bernfield et al.. 1999), suggesting that some syndecan 
functions may be mediated by the protein itself rather than its 
heparan sulfate chains. 

Syndecans are dynamically regulated by neuronal injury. Spe¬ 
cifically, syndecan-1 mRNA is induced in the injured hypoglossal 
motor nucleus, along with the HS biosynthetic enzyme EXT-2, 
resulting in corresponding increases in HS expression in the 
motor nucleus and syndecan protein on the regenerating axons 
(Murakami and Yoshida, 2012; Murakami et al., 2006). Syn- 
decan-1 and two HS-modifying enzymes are also increased in 
astrocytes after a cortical stab injury (Properzi et al., 2008). The 
dynamic regulation of syndecan after neuronal injury suggests 
that it may have important functions during axon regeneration. 
In C. elegans , a recent screen in posterior lateral microtubule 
mechanosensory axons identified syndecan as one of its stron¬ 
gest hits (Chen et al., 2011), and syndecan’s role in regeneration 
was further validated in a screen for GABAergic neuron regener¬ 
ation (Nix et al., 2014). However, how syndecan contributes to 
regenerative growth is unknown, and whether heparan sulfate 
itself promotes (Chau et al., 1999) or inhibits (Groves et al., 
2005) axon regeneration remains unclear. 

In order to address the role of syndecan after neuronal injury, 
we examined regeneration in C. elegans syndecan mutants 
using laser axotomy. We find that severed neurons in syndecan 
mutants fail to regenerate due to decreased growth cone sta¬ 
bility. We conclude that syndecan has a function in growth 
cone stabilization during axon regeneration that is mechanisti¬ 
cally distinct from its described role in axon guidance. Our 
results define syndecan as a regeneration factor and highlight 
the importance of sustained growth cone migration for success¬ 
ful axon regeneration. 
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RESULTS 

Syndecan Is Required for Regeneration of the 
GABAergic Motor Neurons 

In order to determine whether syndecan functions in axon regen¬ 
eration in vivo, we examined axon regeneration in loss-of-func- 
tion mutants in sdn-1, the sole C. elegans syndecan gene. We 
tested three sdn-1 alleles (Figure 1A), including two deletion 
alleles, sdn-1 (ok449) (Minniti et al., 2004) and sdn-1 (zh20) (Rhiner 
et al., 2005), and a nonsense mutation, sdn-1 (ev697) (Schwabiuk 
et al., 2009). All three sdn-1 alleles are homozygous viable and 
are maintained as homozygotes. Further, the sdn-1 (zh20) allele 
has been shown to be a null (Rhiner et al., 2005), as no sdn-1 
RNA is detected by northern blot in these animals. Thus, these 
animals enable the study of complete loss of syndecan function. 
All three sdn-1 mutants display mild axon guidance defects in 
multiple neuron types, including the GABAergic motor neurons 


Figure 1. Syndecan Is Required for Axon 
Regeneration 

(A) Syndecan is the only transmembrane FISPG 
and consists of long heparan sulfate sugar chains 
attached to a protein core. Three mutant syn¬ 
decan alleles exist in C. elegans, including two 
deletion alleles that disrupt the extracellular sugar 
chains and a point mutation that induces a stop 
codon before the transmembrane domain, sdn- 
1(zh20) is the proposed null allele. 

(B) Representative image of full regeneration 
after laser axotomy. Asterisk marks the remaining 
distal fragment. Dotted line indicates the 
approximate axonal trajectory before axotomy, 
and the red X marks the site of axotomy. 

(C and D) Full regeneration is decreased in all 
three sdn-1 alleles at 1 day (C) and 2 days (D) after 
axotomy. Syndecan transheterozygotes display 
reduced full regeneration 2 days after axotomy. 
Scale bars represent 10 jim. N(axons) > 30 axons 
for all genotypes. Error bars represent 95% con¬ 
fidence intervals. **p < 0.005; ***p < 0.0005. 


(Rhiner et al., 2005), as well as an en¬ 
hancement of gonad patterning defects 
in an unc-5/Netrin receptor mutant back¬ 
ground (Schwabiuk et al., 2009). 

We severed GABAergic motor neurons 
with a pulsed dye laser in mutant and 
wild-type animals (Byrne et al., 2011). 
We assessed the ability of injured 
neurons to complete a relatively difficult 
and complex task: full regeneration 
back to the dorsal nerve cord, which 
requires growth cone initiation, sustained 
growth, and directed migration (Fig¬ 
ure IB). We found that 24 hr after injury, 
32% of injured neurons in wild-type ani¬ 
mals reach the dorsal cord (Figure 1C), 
consistent with previous results (El 
Bejjani and Flammarlund, 2012). By 
contrast, all three sdn-1 alleles result in 
a dramatic decrease in the number of severed axons that regen¬ 
erate back to the dorsal cord in 24 hr (Figure 1C). To determine 
whether loss of syndecan blocks or merely delays regeneration, 
we assessed regeneration after 48 hr in all three alleles and in a 
sdn-1 transheterozygote (Figure ID). We found that this extra 
time increased the amount of regeneration to the dorsal cord in 
wild-type animals from 32% to 52% (p < 0.0001) but did not 
enable any additional regeneration in syndecan mutants (p = 
0.1385, alleles pooled). Thus, syndecan is required for axon 
regeneration, and animals that lack syndecan fail to restore 
circuit connectivity after nerve injury. 

A Long-Distance Enhancer May Regulate Syndecan 
Expression during Regeneration 

We next attempted to rescue regeneration defects in sdn-1 
mutants. Because of previously reported difficulties in rescuing 
sdn-1 mutants with high-copy transgenes (Rhiner et al., 2005; 
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Hannes Bulow, personal communication), we utilized the MosSci 
technique (Frokjaer-Jensen et al., 2012; Frokjaer-Jensen et al., 

2008) to generate a single-copy insertion of a genomic clone of 
the wild-type sdn-1 locus. We made two MosSci insertions, 
one containing 8 kb of highly conserved promoter region and 
the entire annotated sdn-1 3' UTR, the other a larger 15 kb 
construct including all of the 5' and 3' UTRs to the neighboring 
genes. We found that both insertions efficiently rescued the 
developmental axon guidance defects observed in sdn-1 
mutants. Flowever, neither insertion significantly improved 
regeneration (data not shown). We also made a MosSci insertion 
expressing sdn-1 from a neuron-specific promoter; this insertion 
only moderately rescued the guidance defects and also dis¬ 
played no rescue of regeneration (data not shown). Finally, we 
tested the ability of previously described rescuing constructs 
(which partially rescue some axon guidance phenotypes) to 
restore regeneration and found that these also fail to rescue 
the axon regeneration defects (Rhiner et al., 2005). We conclude 
that unidentified, long-distance regulatory elements or genomic 
positional requirements may be necessary for achieving proper 
sdn-1 expression levels during regeneration. 

Growth Cones Collapse in Regenerating sdn-1 Mutants 

Our endpoint analysis demonstrated that syndecan was required 
for long-distance migration during regeneration. To determine in 
detail how syndecan affects regenerating axons, we performed 
in vivo time-lapse imaging in wild-type and sdn-1 mutant 
animals. Regenerating GABAergic motor neurons were imaged 
at 4 min intervals in the period after axotomy when regenerating 
axons were most likely to exhibit active growth. We focused only 
on axons that initiated some growth activity during the imaging 
window and examined various phenotypes, including initiation 
of activity in the ventral stump, growth cone behavior, and regen¬ 
eration to the dorsal muscle boundary (this anatomical boundary 
contains adhesion sites between the skin and muscle [Francis 
and Waterston, 1 991] that impede growth cone migration toward 
the dorsal nerve cord [Knobel et al., 1999]). In total, our analysis 
of 61 wild-type and 47 sdn-1 axons revealed a requirement for 
syndecan in preventing growth cone collapse and promoting 
high-speed migration. 

In wiid-type animals, most severed axons that initiated activity 
formed growth cones at or near the tip of the stump. These 
growth cones quickly migrated toward the dorsal side of the 
animal until reaching the dorsal muscles (Figure 2A; Movie SI). 
In total, 70% of wild-type axons migrated to the dorsal muscles 
within our imaging time window (Table SI), consistent with the 
robust growth observed in our 24 hr and 48 hr endpoint analysis 
(Figure 1). Fifteen percent formed growth cones that did not 
reach the dorsal muscles, and 13% exhibited some filament 
extension without forming a growth cone (Table SI). Thus, 
regeneration in wild-type animals is characterized by growth 
cone formation at the axon stump and robust migration. 

By contrast, time-lapse analysis of regeneration in sdn-1 
mutants revealed a surprising and unique defect: decreased 
stability of growth cones (Figure 2B; Movies S2, S3, and S4). In 
fact, half of regenerating sdn-1 axons that initially formed a 
growth cone exhibited at least one growth cone collapse, as 
compared to only 17% in wild-type worms (Figure 2C). To deter¬ 


mine the effect of this increase in collapses on growth cone 
perdurance, we measured the duration of growth cones from 
the time of initiation until collapse or the end of acquisition. We 
found that growth cones in wild-type persisted for an average 
of 480 min, whereas those in sdn-1 mutants lasted only 
281 min (Figure 2D). Finally, we observed that while the start 
time to filamentous growth activity after injury was unchanged 
in sdn-1 mutants (Figure 2E), initial growth cone formation was 
significantly delayed (Figure 2F). Growth cone destabilization 
severely impaired dorsal progression, as only 17% of sdn-1 
mutant axons reached the dorsal muscles during the analysis 
period (Table SI). Taken together, these data show that one of 
syndecan’s primary roles is to stabilize growth cones and that 
decreased growth cone stability dramatically affects the final 
outcome of regeneration. 

Syndecan Translates Growth Activity into Rapid 
Extension 

To determine whether decreased growth cone stability affects 
the speed and efficiency of migration, we examined the effective 
regeneration growth rate by measuring the dorsal progression of 
the axon during periods of growth activity (Figures 3A and 3B). 
Activity was characterized by the initiation of sustained filamen¬ 
tous growth from the cut axon and proceeded until activity 
stopped or the axon reached the dorsal muscles (see Supple¬ 
mental Experimental Procedures). We measured the distance 
from the ventral nerve cord to the dorsal-most point of the axon 
at the beginning and end of activity periods and then calculated 
the effective growth rate during that period (Figures 3C and 
3D). We separated these activity events into two categories. 
Unproductive events were defined as events in which essentially 
no net growth occurred during the activity period (<5 pm net 
dorsal growth). These events tended to be of relatively short 
duration (wild-type [WT] mean = 100 min; sdn-1 mean = 
124 min) and were more common in sdn-1 mutants (Figure 3E). 
Productive events, in which net dorsal growth did occur 
(>5 pm), were of relatively longer duration (WT mean = 197 min, 
p = 0.0003 versus WT unproductive; sdn-1 mean = 284 min, 
p = 0.0008 versus sdn-1 unproductive). During productive activ¬ 
ity periods, wild-type axons progressed toward the dorsal nerve 
cord almost twice as fast as sdn-1 mutant axons, whereas there 
was no change in the average rate of unproductive events (Fig¬ 
ure 3F). We conclude that in addition to promoting growth cone 
stability and inhibiting collapse, syndecan has an important role 
in translating growth activity into directed migration. 

Regenerating Axons in sdn-1 Mutants Display 
Dysmorphic Growth 

To confirm that the defects in sdn-1 mutants were not caused by 
lengthy paralysis or repeated imaging associated with time-lapse 
analysis, we asked whether endpoint analysis could identify the 
growth cone defects observed in our time-lapse images. We 
recovered animals to normal conditions after surgery and 
analyzed regeneration approximately 24 hr later. In contrast to 
wild-type axons, which usually exhibit a growth cone structure 
that migrates toward the dorsal nerve cord (Figure 4A), we 
observed a broad range of dysmorphic phenotypes in sdn-1 mu¬ 
tants, including small branches, long filaments, and malformed 
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Figure 2. Syndecan Stabilizes Growth 
Cones during Regeneration 

(A) Representative series of a regenerating axon in 
a wild-type worm from time-lapse analysis (see 
Movie SI). The growth cone forms and rapidly 
migrates toward the dorsal nerve cord. Once 
reaching the dorsal muscle boundary, the growth 
cone stalls and begins to branch out along the 
anterior-posterior axis but does not collapse. 

(B) Representative time series of a regenerating 
sdn-1 axon (see Movie S3). A growth cone forms 
at the tip and then turns back onto the proximal 
stump (#). It then grows actively toward the dorsal 
nerve cord but collapses (*) as new growth is 
initiated on the proximal stump. Arrowheads 
represent growth cones, and scale bars are 5 jim. 
Numbers in upper right indicate the time post¬ 
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axotomy. 

(C) Approximately three times as many axons 
exhibit growth cone collapse in sdn-1 mutants. 
N(axons with growth cones) > 30. Error bars 
represent 95% confidence intervals. 

(D) The total duration of the growth cone from 
initiation to collapse or completion is decreased in 
sdn-1 mutants. N(growth cones) > 20. 

(E) Time to the start of the first activity period is not 
different between wild-type and sdn-1 mutants. 
N(axons) > 40. 

(F) The average time to growth cone initiation is 
increased in sdn-1 mutants. N(axons with growth 
cones) > 30. Dots represent individual events and 
horizontal lines represent the mean. 

**p < 0.005; ***p < 0.0005; ns, not significant. See 
Tables SI and S2 for specific N values and 
statistics. 


growth cone structures (Figures 4B and AC). These dysmorphic 
growth structures are consistent with growth cone collapse and 
other dynamic behaviors observed during our time-lapse anal¬ 
ysis. Other regenerating axons in sdn-1 mutants looked grossly 
normal but often migrated only to the approximate midline (Fig¬ 
ure 4D). Consistent with the dysmorphic growth and stunted 
migration in sdn-1 mutants, we observed a significant decrease 
in the lengths of severed axons in sdn-1 mutants (Figure 4E). 
These data are also consistent with the reduction in axons that 
successfully migrate to the dorsal nerve cord in sdn-1 mutants 
(Figure 1 C). We conclude that syndecan defects can be observed 
at single time points after axotomy and that growth cone defects 
in sdn-1 mutants are independent of the imaging process. 

Syndecan’s Role in Stabilizing Growth Cones May Not 
Require Sugar Chains 

Syndecan’s glycosaminoglycan chains are heavily modified by a 
diverse group of heparan sulfate-modifying enzymes, including 


sulfotransferases, an epimerase, and a 
sulfatase (Bernfield et al., 1999; Lee and 
Chien, 2004) (Figure 5A). The specific 
modifications made by each enzyme 
mediate specific roles in various aspects 
of C. elegans development and physi¬ 
ology, including axon guidance (Attreed et al., 2012; Billow 
and Hobert, 2004; Townley and Biilow, 2011). In order to deter¬ 
mine whether individual heparan sulfate sugar modifications are 
important for syndecan’s function in axon regeneration, we 
examined loss-of-function mutants that lack individual modifying 
enzymes. We found that modifying enzyme mutants display 
wild-type levels of full regeneration (Figure 5B). Thus, individual 
modifications to syndecan’s heparan sulfate chains, though 
required for development of the nervous system, are not required 
to promote growth cone migration after injury of the GABAergic 
motor neurons. 

Since individual modifications to syndecan’s FIS chains 
are dispensable for regeneration, we asked whether the FIS 
chains themselves are required for regeneration. Fleparan sulfate 
chains are synthesized by multiple exostoses (EXT) family 
members (Esko and Selleck, 2002; Lee and Chien, 2004). In 
C. elegans, two EXT homologs exist (Clines et al., 1997), and at 
least one of these genes, rib-2, is necessary for FIS biosynthesis 
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Figure 3. The Effective Growth Rate Is 
Reduced in sdn-1 Mutants 

(A-D) The growth rate was quantified by 
measuring the distance from the ventral nerve 
cord to the tip of the axon at the beginning and end 
of activity periods in wild-type (A; Movie SI) and 
sdn-1 mutants (B; Movie S2). The first panel is 
before activity, the second panel is the start of 
activity, and the third panel is the end of activity. 
Dorsal progression (red bars) was divided by 
duration of growth to determine the effective 
migration rate. Dotted lines represent dorsal 
measurements, and arrowheads indicate fila¬ 
ments or branches. Scale bars represent 5 |im, 
and numbers in the upper right are minutes after 
axotomy. Duration of activity versus dorsal pro¬ 
gression was plotted for wild-type (C) and sdn-1 
mutants (D). Each point represents one activity 
period. Shaded gray region represents unpro¬ 
ductive activity periods with dorsal progression 
<5 (im. 

(E) The proportion of unproductive events relative 
to all events is significantly increased in sdn-1 
mutants. N = 96 total events in wild-type and 74 
events in sdn-1. Error bars represent 95% confi¬ 
dence intervals. 

(F) The average growth rate for productive 
events is decreased by 47% in sdn-1 mutants, 
whereas the average rate for unproductive 
events is unchanged from wild-type. Error bars 
represent ±SEM. 

**p < 0.005. 



and viability (Kitagawa et al,, 2001; Morio et al., 2003). We 

severed axons in rib-2(gk318) mutants isolated from balanced 
heterozygotes and observed normal rates of full regeneration 
to the dorsal cord as well as normal rates of partial regeneration, 
representing growth cone formation and migration close to the 
midline (Figures 5C and 5D). Interestingly, we did observe an in¬ 
crease in misguided regenerating axons in the rib-2 mutants 
(Figure 5E), demonstrating that heparan sulfate is essential for 
axon guidance during regeneration, just as it is during neuronal 
development. Thus, we conclude that during regeneration, 
zygotically produced FIS is required for axon guidance, but not 
for growth cone stability. Flowever, it remains a possibility that 
maternally contributed rib-2 could persist to mediate syndecan’s 
role in growth cone stability, but not in axon guidance. 

Two mammalian syndecan proteins are decorated with 
both heparan and chondroitin sulfate side chains (Deepa et al., 


2004; Rapraeger et al., 1985; Shworak 
et al., 1994). While C. elegans is devoid 
of chondroitin sulfate (Yamada et al., 
1999), we investigated whether non- 
sulfated chondroitin plays a role in regen¬ 
eration by examining the chondroitin 
synthase mutant sqv-5 (Flwang et al., 
2003; Mizuguchi et al., 2003). Similar to 
rib-2 mutants, sqv-5(n3611) mutants 
are lethal and can be recovered 
from balanced heterozygotes. In sqv-5 
homozygotes, we observed normal rates of full and partial 
regeneration 2 days after axotomy but also an increase 
in misguided regenerating growth cones (Figure SI). Thus, 
both heparan and chondroitin sugar chains appear to be 
required for guidance but dispensable (at least zygotically) 
for growth cone migration during axon regeneration. These 
experiments suggest that syndecan has two separable mole¬ 
cular roles: one in axon guidance, where syndecan functions 
via its modified FIS chains (and potentially chondroitin) (Bulow 
and Flobert, 2004; Rhiner et al., 2005), and one in growth cone 
stability during axon regeneration. We propose that the synde¬ 
can core protein itself mediates growth cone stability during 
regeneration. 

In a final effort to test whether syndecan’s sugar chains 
mediate its regenerative function, we tested pathways that 
interact both genetically with syndecan and biochemically with 
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Figure 4. sdn-1 Mutant Axons Display Dys¬ 
morphic Growth after Axotomy 

(A) Representative image of regenerating growth 
cone in a wild-type animal. 

(B and C) Images of dysmorphic growth in sdn- 
1(zh20) mutants. These mutant axons do not reach 
the midline. 

(D) Regenerating axon in sdn-1 (zh20) mutant is at 
the midline. Scale bars represent 10 urn. Asterisks 
represent distal fragments. Dotted lines represent 
the approximate dorsal-ventral midline. 

(E) Average regenerating neurite lengths are 
reduced in sdn-1 mutants. Each dot represents a 
single axon, N = 14 axons. Horizontal lines repre¬ 
sent the mean length. *p < 0.05. 


acting in an HS-independent manner to 
promote growth cone migration during 
regeneration. 


CO 

Sioo- 

o5 

E 

o 



• •• 


•• 



O' 


wild type 


sdn-1 (zh 20) 


heparan sulfate. In particular, we investigated the Slit signaling 
pathway that directs axon guidance (Lee and Chien, 2004). Slit 
contains HS-binding sites, and heparin forms a ternary complex 
with Slit/Robo. Additionally, heparin is required for Slit-induced 
increases in growth cone collapse in vitro (Hussain et al., 
2006). In C. elegans, there is a single Slit homolog, slt-1, that 
interacts with Robo/sax-3 (Hao et al., 2001) and the coreceptor 
eva-1 (Fujisawa et al., 2007) to direct neuronal development. 
Slit interacts with the same genetic pathway as syndecan for 
midline guidance of the PVQ interneurons, and GABAergic 
defects are no more severe in sdn-1 slt-1 double mutants than 
in sdn-1 alone (Rhiner et al., 2005). Likewise, the hse-5- and 
bsf-6-modifying enzymes work with the Slit signaling pathway 
in guidance of the PVQ interneurons, and GABAergic defects 
are not enhanced or suppressed in the double mutant (Bulow 
and Hobert, 2004). Thus, developmental guidance of some 
neurons is likely mediated by Slit acting through HS chains on 
the syndecan core protein. 

Because sax-3 is thought to have s/f-7-independent functions 
(Hao et al., 2001), we focused our investigation on slt-1. During 
regeneration, we observed normal levels of full regeneration in 
slt-1(eh15) mutants, which encodes a potential null allele of Slit 
(Hao et al., 2001), compared to wild-type (Figure 5F). Addition¬ 
ally, slt-1 did not suppress the regeneration defects of sdn-1 
mutants (Figures 5G and 5H). Thus, we conclude that synde- 
can’s effects on regeneration are not being mediated through 
Slit signaling. These data further support the idea that sdn-1 is 


Syndecan Acts in Regenerating 
Neurons to Promote Sustained 
Migration 

We next sought to determine where 
syndecan is functioning to promote the 
migration of regenerating growth cones. 
In C. elegans, syndecan is expressed in 
neurons and hypodermis (Minniti et al., 
2004; Rhiner et al., 2005). Thus, syn¬ 
decan could be acting directly in 
GABAergic motor neurons to promote 
growth cone stability. Alternatively, syndecan could be acting 
nonautonomously in the hypodermis, which is the substrate for 
GABA neuron growth during development and regeneration. 

To determine where syndecan functions, we subjected wild- 
type animals to sdn-1 RNAi. C. elegans GABA neurons are resis¬ 
tant to RNAi (Asikainen et al., 2005; Calixto et al., 2010; Kamath 
et al., 2003; Timmons et al., 2001), and RNAi against sdn-1 there¬ 
fore generates animals in which sdn-1 expression is maintained 
in GABA neurons but is depleted in other tissues. We found that 
syndecan RNAi animals recapitulated the developmental axon 
guidance defects present in the GABA neurons of sdn-1 null 
mutants (Rhiner et al., 2005), including left-right axon guidance 
choices and migration toward the dorsal nerve cord (Figures 
6A and 6B). These experiments show that syndecan RNAi 
animals are defective in syndecan guidance function at a level 
similar to that of null mutants and suggest that expression 
outside the GABA neurons (likely in the hypodermis) is essential 
for GABA axon guidance during development of the nervous 
system. 

Next, we cut axons in syndecan RNAi animals and assessed 
regeneration. We found that syndecan RNAi animals, in contrast 
to sdn-1 mutant alleles, were able to sustain wild-type levels of 
partial regeneration (Figure 6C). Thus, our results are consistent 
with the idea that GABA syndecan is sufficient to mediate growth 
cone stability and migration during regeneration. However, 
although regenerating axons in syndecan RNAi animals could 
sustain growth, they were often misguided in the anterior, 
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posterior, or ventral directions (Figure 6D and 6E), resulting in a 
decrease in the number of axons that regenerated fully to the 
dorsal nerve cord (Figure 6F). Thus, hypodermal syndecan is 
required to mediate syndecan’s function in axon guidance 
(during development and regeneration). Overall, the regenera¬ 
tion phenotype of syndecan RNAi animals was similar to that 
of rib -2 mutants, suggesting that hypodermal syndecan pro¬ 
motes the guidance of regenerating neurons via its FIS sugar 
chains, while the neuronal function of syndecan in growth cone 
stability during regeneration is mediated by the syndecan core 
protein. 

DISCUSSION 

We have uncovered a role for the FISPG syndecan in promoting 
axon regeneration (Figure 7A). Although growth cones can form 
in response to injury in the absence of syndecan, they take longer 


Figure 5. HSPG-Related Genes Are Not 
Required for Growth Cone Stability and 
Migration during Regeneration 

(A) Schematic diagram of the syndecan protein 
with modified sugar residues (colored hexagons) 
formed by various modifying enzymes. Synthe¬ 
sizing enzymes extend the sugar chains by adding 
disaccharide units. Sugar chains are not to scale. 

(B) The modifying enzymes do not show deficits in 
full regeneration after axotomy. 

(C and D) The synthesizing enzyme rib-2 displays 
normal full regeneration and partial regeneration 
after axotomy. 

(E) rib-2 mutants have an increased number of 
misguided regenerating axons. 

(F) Full regeneration is not reduced in slt-1(eh15) 
animals. 

(G and H) sdn-1 (zh20)slt-1 (ehl5) double mutants 
display reduced partial and full regeneration. 
N(axons) > 20 for all genotypes. Error bars 
represent 95% confidence intervals. 

*p < 0.05, ***p < 0.0005. 


to initiate, endure for shorter time pe¬ 
riods, and are more prone to collapse, 
indicating a primary role for syndecan in 
stabilizing growth cones. These defects 
in growth cone stability limit the ability 
of regenerating axons to reconnect with 
their postsynaptic targets. Our data sug¬ 
gest that syndecan functions in neurons 
to promote growth cone stability during 
axon regeneration, whereas it functions 
in the hypodermis to promote axon guid¬ 
ance. Thus, regenerating axons must 
express syndecan to maintain growth 
cones, and failure to execute this genetic 
program results in growth cone collapse 
and failed regeneration (Figure 7B). 

While a study of growth cone behavior 
in developing sdn-1 neurons is lacking, 
we presume that defects in growth cone 
stability are dramatically exacerbated during regeneration, as 
stunted, dysmorphic growth structures localized ventrally in 
uninjured sdn-1 mutants are relatively rare (Rhiner et al., 2005; 
unpublished data). Thus, syndecan may have a distinct role in 
stabilizing growth cones postdevelopmentally when the extra¬ 
cellular environment has changed (Morgan et al., 2007). 

Syndecan’s neuronal role in stabilizing growth cones may be 
independent of FIS sugar chains, in contrast to its FIS-dependent 
function in axon guidance. FIS binds multiple extracellular 
signaling molecules (Bernfield et al., 1999), including fibroblast 
growth factor (FGF) (Schlessinger et al., 2000; Yayon et al., 
1991), Slit-Robo (Flussain et al., 2006), and Anosmin-1, a 
secreted protein involved in neurite outgrowth and branching 
(Hu et al., 2004; Soussi-Yanicostas et al., 1996, 1998, 2002). 
Genetic in vivo evidence suggests that syndecan interacts with 
these same signaling systems (Hudson et al., 2006; Johnson 
et al., 2004; Rhiner et al., 2005; Schwabiuk et al., 2009; 


wild type sdn-1(zh20) 
slt-1 (eh 15) 
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Figure 6. Growth Cone Formation and 
Migration Is Maintained in Syndecan-RNAi 
Animals 

(A) An example of a developmental misguidance 
error in a sdn-1 (zh20) animal. The axon migrated 
toward the dorsal nerve cord but then turned 
prematurely and migrated toward the tail. Arrow¬ 
head shows the dorsal nerve cord. Dotted line 
represents where the dorsal nerve cord should be 
located. 

(B) Developmental errors, including left-right 
errors and migration defects, are increased in 
sdn-1 (zh20) mutants and in wild-type worms on 
sdn-1 RNAi. N(axons) > 400 for all genotypes in (A) 
and (B). 

(C) Partial regeneration is significantly decreased 
in sdn-1 mutants (zh20 and ev697 alleles pooled) 
after 24 hr, whereas it is the same in control versus 
sdn-1 RNAi. 

(D) Image of a misguided growth cone in a wild- 
type worm on sdn-1 RNAi after laser axotomy. 
Arrowhead shows the growth cone. Asterisk 
marks the distal stump. 

(E) Worms on sdn-1 RNAi show an increase in 
misguided regenerating axons. 

(F) Full regeneration is decreased in wild-type 
worms on sdn-1 RNAi. N(axons) > 50 for all 
genotypes in (C), (E), and (F). 

Scale bars represent 10 pm. Error bars represent 
95% confidence intervals. **p < 0.005, ***p < 
0.0005. 
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Steigemann et al., 2004). Furthermore, heparan sulfate-synthe¬ 
sizing and modifying enzymes often phenocopy syndecan 
defects (Billow and Hobert, 2004; Lee and Chien, 2004; Rhiner 
et al., 2005). However, there are precedents for HS-independent 
functions for the syndecan core protein. For example, the syn- 
decan-4 core protein can induce the formation of stress fibers 
and adhesions even in a glycosylation-deficient cell line, indi¬ 
cating that overexpression of the core protein can bypass HS 
requirements (Echtermeyer et al., 1999). Syndecan is the only 
transmembrane HSPG, and the intracellular domain of syndecan 
contains conserved and variable regions that allow for inter¬ 
actions with a host of cytoplasmic signaling pathways (Bass 
et al., 2007, 2011; Bernfield et al., 1999; Hsueh et al., 1998; 
Kinnunen et al., 1998; Saoncella et al., 1999). Thus, while many 
of syndecan’s functions likely depend on its heparan sulfate 
chains, evidence is emerging to suggest that the core protein 
itself has distinct functionality (Kramer and Yost, 2003; 
Van Vactor et al., 2006). Our data regarding HS-modifying and 


HS-synthesizing enzymes, as well as 
slt-1, provide further evidence of this 
hypothesis. 

We observe that growth cones form 
and retract on damaged axons in syn¬ 
decan mutants, failing to sustain growth 
toward the dorsal nerve cord. One po¬ 
tential intracellular target of neuronal 
syndecan that might mediate growth 
cone stability is the axonal microtubule 
network. Microtubule remodeling at the growth cone is required 
for axon elongation and sustained migration (Bradke et al., 2012; 
Dent and Gertler, 2003; Erturk et al., 2007; Vitriol and Zheng, 
2012). Alternatively, syndecan could promote regeneration 
through adhesion pathways that modify actin filaments. Synde- 
cans interact with several adhesive signaling systems including 
integrins, protein kinases, and the family of small Rho-GTPases 
(Morgan et al., 2007; Yoneda and Couchman, 2003). In culture, 
cells adhere to integrin-binding fragments of fibronectin but do 
not form actin stress fibers and focal adhesions unless stimulated 
with soluble heparan- or syndecan-binding fragments or synde- 
can-4 antibodies (Bass et al., 2007; Woods et al., 1986). The for¬ 
mation and regulation of adhesive contacts may be an essential 
step in sustained growth cone migration, and it could explain the 
regeneration defects we observe in sdn-1 mutant worms. 

The inability to rescue the syndecan regeneration defects with 
tissue-specific and native promoters suggests that sdn-1 regula¬ 
tion is under tight transcriptional control. Though we have not 
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Figure 7. Model for Syndecan Function 
during Development and Regeneration 

(A) Syndecan acts as a growth cone stabilizer to 
prevent collapse and drive efficient migration. It 
also guides axons to their preinjury targets. Other 
known regeneration factors affect growth cone 
formation or axon guidance. 

(B) Syndecan is important for the guidance of 
axons during development and regeneration. 
Developmental guidance is mediated by several 
modifying enzymes. Guidance during regenera¬ 
tion is dependent on hypodermal expression of 
sdn-1 and requires the HS synthesizing enzyme 
rib-2. Syndecan also plays an autonomous role in 
neurons to promote growth cone stability and 
migration. This function is independent of HS 
sugar chains and instead could rely on intracellular 
interactions that modulate the cytoskeleton. 


B 

Axon Guidance During Growth Cone Stability & Migration 

Development & Regeneration During Regeneration 



tested sdn-1 expression after axotomy in C. elegans, vertebrate 
syndecans are dynamically regulated in vivo (Bernfield et al., 
1999; Kim et al., 1994), and expression is increased in both 
neuronal injury (Murakami and Yoshida, 2012; Murakami et al., 
2006; Properzi et al., 2008) and skin-wounding models (Elenius 
et al., 1991). Additionally, wound-healing deficits have been 
reported in both syndecan-4 (Echtermeyer et al., 2001) and syn- 
decan-1 (Stepp et al., 2002) mutant mice. Importantly, syndecan 
expression is activated by FGF application (Elenius et al., 1992; 
Jaakkola et al., 1997) through a long-range FGF-inducible 
response element (FiRE) contained in the syndecan 5' UTR 
(Jaakkola et al., 1997). FiRE is activated by different growth 
factors in a cell-type-specific manner (Jaakkola et al., 1998a; 
Rautava et al., 2003) and is upregulated specifically in migrating, 
but not proliferating, keratinocytes in vivo (Jaakkola et al., 
1998b). Thus, syndecan can be regulated by a distant enhancer 
to specifically promote migration, suggesting that failed rescue 
of regeneration in sdn-1 mutants may be due to a missing 
expression element. 


We have shown that regeneration of 
individual GABAergic motor neurons re¬ 
quires the FISPG syndecan. Our findings 
are confirmed by recent regeneration 
screens in distinct neuron types (Chen 
et al., 2011; Nix et al., 2014), supporting 
the idea that syndecan is generally 
required during regeneration. Impor¬ 
tantly, while most genes affecting regen¬ 
eration in C. elegans modulate the 
frequency of growth cone formation or 
the length of extension, the growth cone 
collapse defects we describe are unique 
among regeneration phenotypes in 
C. elegans and argue that genetic path¬ 
ways exist to promote aspects of axon 
regeneration that are not yet fully appreci¬ 
ated. Additionally, our time-lapse anal¬ 
ysis demonstrates that it is possible to 
quantify distinct regeneration pheno¬ 
types that may remain hidden by singie-endpoint assays. Our 
work identifies growth cone maintenance as a critical choke 
point for axon regeneration, and it is consistent with the model 
that neuronal syndecan has an FIS-independent mode of action 
in maintaining regenerating growth cones and promoting recov¬ 
ery of damaged neuronal circuits. 

EXPERIMENTAL PROCEDURES 

C. elegans Strains 

Worm strains were maintained at 20°C or room temperature on nematode 
growth media (NGM) plates seeded with OP50 bacteria. The transgenes 
oxlsl2[Punc-47::gfp] (Mclntire et al., 1997) and juls76[Punc-25::gfp] (Jin 
et al., 1999) mark the GABAergic nervous system and were used as controls. 
sdn-1 transheterozygotes were generated by mating juls76;sdn-1(ev697) 
males to 5- to 9-day-old adult juls76;sdn-1(zh20) worms that had likely ex¬ 
hausted all sperm cells. Genotyping after axotomy revealed that 20 out of 21 
worms that were scored were definitively transheterozygotes, rib-2 mutants 
survive only from balanced heterozygotes, and only homozygous progeny 
that lost the fluorescent balancer were analyzed for regeneration. The strains 
used in this study include juls76 II, OH2629 juls76; sul-1(gk151), OH2633 
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juls76; hst-2(ok595), EB460 juls76; sdn-1(zh20), EB752 hst-3.1(tm734); juls76, 
EB753 juls76; hst-3.2(tm3006), XE1236 juls76; sdn-1(ok449), XE1269 juls76; 
rib-2(gk318)/hT2[bli-4(e937)let-?(q782)qls48], XE1481 juls76; sdn-1(ev697), 
XE1007 oxlsi2, XE1677 sqv-5(n3611)/hT2[bli-4(e937) Iet-?(q782)qls48]; 
juls76, XE1680 juls76; sdn-1(zh20) slt-1(eh15), XE1235 juls76;slt-1(eh15), 
OH1510 hse-5(tm472); oxls12, and OH1179 hst-6(ok273); oxls12. 

Axotomy 

Axons (one to three per animal) were cut as previously described (Byrne et al., 
2011; El Bejjani and Hammarlund, 2012). Approximate mid- to late-stage L4 
hermaphrodite worms were immobilized in 50 mM muscimol or 50 nm polysty¬ 
rene beads, with no noticeable differences between the two methods (El 
Bejjani and Hammarlund, 2012). Regeneration was typically assessed 1 day 
(approximately 18-24 hr) or 2 days (approximately 42-48 hr) postaxotomy, 
with an internal control done on the same day. Full regeneration represented 
axons that regenerated to the dorsal nerve cord. Partial regeneration repre¬ 
sented axons that extended growth cones dorsally close to the midline or 
beyond, including full regeneration. Misguided regenerating axons were 
counted as the number of misguided axons divided by the number of total 
regenerating axons and represented instances where the growth cone 
extended but in anterior, posterior, or ventral directions, thus not necessarily 
reaching the midline or the dorsal cord. 

For neurite tracing experiments, 1 jim z stack images were acquired at room 
temperature on an UltraVIEW Vex (PerkinElmer) spinning disc confocal micro¬ 
scope (Nikon Ti-E Eclipse inverted scope; Hamamatsu C9100-50 camera) with 
a 60 x CFI Plan Apo numerical aperture (NA) 1.4 oil-immersion objective using 
Volocity software (Improvision). Images were exported as maximum-intensity 
projections and analyzed using ImageJ. The axons were traced from the 
ventral nerve cord up through all of the visible branches using the freehand 
tool. The distal stump length and worm diameter was also measured and 
was not statistically different between wild-type and control worms (data not 
shown). Axons that exhibited growth were quantified and compared using 
an unpaired t test. 

Time-Lapse Imaging 

We immobilized three to five worms simultaneously on 5%-7% agarose pads, 
mounted in ~1 |xl of 50 nm polystyrene microbeads (Fang-Yen et al., 2012) 
spiked with 0.5-5 mM muscimol. The coverslip was sealed with Vaseline 
and mounted on an UltraVIEW VoX (PerkinElmer) spinning disc confocal 
microscope (Nikon Ti-E Eclipse inverted scope; Hamamatsu C9100-50 
camera) with a 60 x ApoTIRF 1.49 NA oil objective using Volocity (Improvision). 
We imaged regenerating axons at 60x, acquiring 1 urn z stacks every 4 min 
using the NikonTi Perfect Focus system. Images were compressed into 
maximum intensity projections, exported as stacked TIFFs, and processed 
using ImageJ. Movies were rotated, time stamped, and assigned a random 
number for analysis. Only axons that exhibited growth activity from the injured 
neuron were analyzed. See Supplemental Experimental Procedures for addi¬ 
tional information on time-lapse analysis. 

RNAi 

We poured NGM plates with 25-50 |.ig/ml carbenicillin and 1 mM isopropyl 
p-D-1-thiogalactopyranoside and seeded them with HT115 cells containing 
L4440 empty-vector control (pPDI 29.36) or plasmid targeting sdn-1 
(ORFeome RNAi library F57C7.3). We also used unc-22 (pLT61.1) for an 
RNAi efficiency control and GFP (pPD128.110) as a neuron-resistant control. 
We placed L2- to L3-stage worms on RNAi plates and then examined L4- or 
adult-stage animals from subsequent generations for developmental and 
regeneration phenotypes. Developmental defects were quantified in the seven 
posterior GABA commissures and were scored as defective if (1) the axon 
grew incorrectly on the left side of the worm, (2) the axon did not fully make 
it to the dorsal nerve cord, or (3) both grew on the incorrect side and failed 
to migrate to the dorsal nerve cord. Categories 2 and 3 were not observed in 
wild-type worms on control RNAi and are only rarely seen in wild-type strains. 
We also noted a slight decrease in fluorescent neuronal cell bodies in wild-type 
juls76 worms on GFP RNAi compared to control RNAi (18.2 on L4440 versus 
13.6 on GFP RNAi; p < 0.0001), suggesting that low levels of neuronal knock¬ 
down may be occurring. 


Statistics 

Experiments that compared the same mutant genotype and control strain 
were pooled for statistical analysis. In instances where multiple mutant strains 
are compared to the same control, all axons for the wild-type were also pooled 
before analysis to each individual mutant. Categorical data (full regeneration, 
partial regeneration, dysmorphic growth, etc.) was compared using a Fisher’s 
exact test. Continuous data (neurite length, time to initiation, duration, etc.) 
was analyzed with an unpaired t test, p values were calculated with GraphPad 
QuickCalcs (http://www.graphpad.com/quickcalcs/). See Table S2 for all N 
values and statistics. 
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